Dikaryons, cells with two haploid nuclei contributed by the members of a mating pair, are part of the life cycle of many filamentous fungi, but the molecular mechanisms underlying the division of dikaryons are largely unknown. We found that the fission yeast Schizosaccharomyces pombe has a latent ability to divide as a dikaryon. Cells capable of restarting the mitotic cycle with two nuclei were prepared by transient inactivation of the septation initiation network. Close pairing of the two nuclei before mitosis was dependent on minus-enddirected kinesin Klp2p and was essential for propagation as a dikaryon. The two spindles extended in opposite directions, keeping their old spindle pole bodies at the prospective site of cell division until the mid-anaphase. The spindles then overlapped, exchanging the inner nuclei. Finally, twin mitosis was followed by a single cytokinesis, producing two daughter dikaryons carrying copies of the original pair of nuclei.
Unlike many other eukaryotes, most filamentous fungi of the phyla Basidiomycota and Ascomycota do not make diploids upon mating. Instead, they form heterokaryons, cells that contain a haploid nucleus from each mating partner. The heterokaryons continue to propagate, either as dikaryons or as coenocytes, until nuclear fusion, which is immediately followed by meiosis. Dikaryon cell division, known as conjugate division, involves mechanisms that maintain the original pair of nuclei, in other words, maintaining heterokaryosis. For example, in Basidiomycota (e.g., the mushroom Coprinus cinereus) conjugate division circumvents passage through the daughter nuclei by forming a clamp connection, a bypass structure through which one of the daughters of the apical nucleus goes to the basal daughter cell. Formation of the clamp connection is under the regulation of mating-type genes. 1, 2) Clampless (clp1), another gene required for clamp connection formation, has also been identified as the downstream factor of the mating-type genes. 3, 4) Nevertheless, the clamp connection is not generally essential for conjugate division. It is absent in the dikaryons of many Basidiomycota species, such as Tricholoma matsutake and Oxyporus populinus. Dikaryons of Ascomycota also lack a clamp connection. The more general feature assumed to be necessary to maintain heterokaryosis is the pairing of the nuclei at the prospective site of cell division, which, in C. cinereus, is dependent on the microtubule cytoskeleton. 5) Although several dikaryotic model organisms are available for study, the molecular mechanisms of conjugate division are poorly understood. Such organisms, for example, C. cinereus, Schizophyllum commune, and Ustilago maydis, have not been investigated for cell division mechanisms, unlike the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe. Three observations led to the choice of the fission yeast S. pombe as our model organism for our investigation of conjugate division. First, spontaneous production of dikaryons in S. pombe has been observed on a sep1 wee1 double mutant background.
6) Second, the clustering of multiplied nuclei in septation initiation network (SIN) mutants of S. pombe 7) resembles nuclear pairing in dikaryons. Third, the genus Schizosaccharomyces is classified into the subphylum Taphrinomycotina, which contains the genus Taphrina. 8, 9) Taphrina is a dimorphic ascomycete that grows as dikaryotic hyphae during its parasitic phase within plant leaves. 10, 11) We report here that S. pombe has a latent ability to divide as a dikaryon. This system should be a powerful tool in the investigation of the molecular mechanisms of conjugate division.
Materials and Methods
Strains, plasmids, and media. The following fluorescent fusion protein markers were expressed in the S. pombe strains used in this study: Sid4-GFP, Sad1-DsRed, and Pcp1-RFP for the SPB; Rrf1-GFP and Rrf1-CFP for the nucleus; Cdc7-GFP for SIN protein Cdc7p; Ark1-GFP for the spindle mid region; GFP-Cdc4 y To whom correspondence should be addressed. Tel/Fax: +81-438-52-3570; E-mail: kokazaki@kazusa.or.jp Abbreviations: CAR, cytokinetic actomyosin ring; CFP, cyan fluorescent protein; GFP, green fluorescent protein; iMTOC, interphase microtubule organization center; RFP, red fluorescent protein; SIN, septation initiation network; SPB, spindle pole body for CAR; and GFP--tubulin for microtubules. The S. pombe strains were as follows: S86-34 (h À cdc7-24 sid4-GFP::kanMX6 rrf1-GFP::kanMX6 leu1), S72-29 (h À cdc7-24 rrf1-GFP::kanMX6 leu1), S86-42 (h À cdc7-24 leu1), S94-2B (h À cdc7-24 klp2Á::kanMX6 rrf1-GFP::kanMX6 leu1), S94-2C (h À cdc7-24 rrf1-GFP::kanMX6 leu1), S80-5D (h À cdc14-C8 cdc7-GFP::kanMX6 leu1), and S72-3 (h À sid4-R20::ura4 þ sad1-DsRed::kanMX6 ura4-D18 leu1), S86-47 (h À cdc7-24 ark1-GFP::LUE2 rrf1-CFP::kanMX6 leu1), and S86-48 (h À sid4-R20::ura4 þ pcp1-RFP::kanMX6 cdc7-GFP::kanMX6 ura4-D18 leu1). The alleles of cdc7-24, sid4-GFP::kanMX6, and pcp1-RFP were derived from strains obtained from Paul Nurse, Kathy Gould, and Iain Hagan respectively. Strains carrying ark1-GFP::LEU2 were obtained from Mitsuhiro Yanagida via the Japanese National Bioresource Project -Yeast. A strain of the mushroom O. populinus was obtained from Nitaro Maekawa.
Yeast cells were cultured in either YE complete medium (0.5% yeast extract, 3% glucose) or a variation of basic EMM2 minimal medium (containing 0.5% NH 4 Cl and 0.45% sodium glutamate). The rrf1 þ gene (Rb/p53 binding protein-like ring finger) was isolated in this laboratory (unpublished). It is identical to SPBP8B7.15c, a homolog of S. cerevisiae polyadenylation factor Mpe1. The GFP-tagged rrf1 þ gene product illuminates only the nucleus, 12) primarily the euchromatin region, and has very little effect on cell viability.
A sad1-DsRed::kanMX6 strain of S. pombe was made using sad1-DsRed::LEU2 (from Yasushi Hiraoka) by disrupting LEU2 with the kanMX6 gene cassette. The klp2Á::kanMX6 strain (Y. Tange and O. Niwa, unpublished) and the strain carrying cdc7-GFP::kanMX6, rrf1-GFP::kanMX6, and rrf1-CFP::kanMX6 were constructed according to Bähler et al. 13) Plasmids with a kanMX6 gene cassette for gene disruption and GFP-tagging were obtained from Bähler.
The cdc14-C8 mutant carries a novel cdc14 ts allele with a Ser108-to-Pro substitution (this laboratory, unpublished). The sid4-R20::ura4 þ , which carries a starvation-sensitive sid4 allele with an Arg610-to-Gly substitution, was also isolated in this laboratory (unpublished). The 6703 bp SpeI fragment of S. pombe genomic DNA containing the klp2 þ gene was cloned into ARS-based vector pALSK 14) to obtain pAL-klp2 þ . The cdc4 þ ORF was PCR-amplified from S. pombe genomic DNA and inserted into pREP41-based 15) plasmid pHAGFP41 16) to obtain pHAGFP41-cdc4 þ . The canonical nucleotide sequence of the insert was confirmed by DNA sequencing. Expression of GFPCdc4 or GFP--tubulin from pREP1-based 17) plasmid pDQ105 18) (from Yasushi Hiraoka) was controlled at a moderate level by the use of 5 mM thiamine.
Preparation of dikaryons using SIN mutants. Binucleated cells capable of restarting the mitotic cycle with two nuclei were obtained by transient inactivation of SIN activity. Temperature-sensitive cdc7-24 or cdc14-C8 cells in exponential growth phase cultures were maintained at 36 C for 2.5 h (YE media) or 4 h (minimal media). The population of the binucleated cells was checked before returning the culture to a permissive temperature of 25 C. The cells were allowed to recover SIN activity by incubation at 25 C for more than 3 h. The binucleated cells were then observed by time-lapse videomicroscopy at 25 C. The starvation-sensitive sid4-R20 colonies on a plate contained many binucleated cells, which were cultured in liquid medium to exponential growth and used in microscopic observations.
Microscopic observations. For time-lapse recordings, cells were sandwiched between a wide cover slip and a piece of agar medium. Saranwrap was laid on the agar to prevent desiccation. Images were recorded with the Delta Vision System (Applied Precision, Boston, MA). For each time point, several z-sections were taken and projected onto an image. To visualize cell shape, the transmitted beam was mixed with the excitation light. Microscopy was done in a thermostat room (Sanyo Biomedical, Tokyo) to maintain precise temperature control. Immunostaining and other general methods and materials for microscopic observations have been described elsewhere. 16, 19) Results and Discussion S. pombe dikaryon division ensures heterokaryosis To examine how S. pombe cells divide when they have two nuclei within a cell, binucleated cells were produced by blocking cytokinesis by a transient inactivation of the SIN pathway using appropriate mutants. In S. pombe, there are two types of cytokinesis mutants. One is the mutants of genes encoding CAR components, and the other is SIN mutants. The former could not used for this purpose because the cytokinesis checkpoint mechanism arrests binucleated cells in the G2 phase until the previous cytokinesis is completed. 20) In contrast, the SIN genes are required for cytokinesis checkpoint function. 20) Accordingly, SIN mutant cdc7-24 expressing GFP-tagged SPB and nuclear proteins was binucleated by transient incubation at a non-permissive temperature and then released to a permissive temperature to restart the mitotic cycle with two nuclei (see ''Materials and Methods'').
The binucleated cdc7-24 cells divided in a manner that ensured heterokaryosis ( Fig. 1A, B ; Supplemental movie 1, see Biosci. Biotechnol. Biochem. Web site). During the interphase, the two nuclei aligned longitudinally and associated closely in the cell center. The SPBs, visualized as a bright spot on each nucleus, were pulled toward the partner nuclei, which underwent synchronous mitosis along the long cell axis. While the outer two of the four daughter nuclei migrated to the cell tips, the inner two stayed in the cell center until mid-anaphase. They then passed through each other and exchanged positions ( Fig. 1B ; Supplemental movie 1, see Biosci. Biotechnol. Biochem. Web site). A single septum was formed after the nuclear exchange producing two daughter dikaryons carrying copies of the parental nuclei. The daughter dikaryons continued to divide in the same manner. Immunostaining of the cdc7-24 dikaryons without GFP markers also showed the same mode of twin mitosis ( Fig. 2A-D) . Furthermore, a similar mitotic spindle configuration was observed in the dikaryotic hyphae of the clampless basidiomycetous mushroom O. populinus (Fig. 2G, H ).
Klp2-dependent nuclear pairing is essential for propagation of S. pombe dikaryon
The significance of nuclear pairing for S. pombe conjugate division was examined. The dependence of S. pombe dikaryon nuclear pairing on the microtubule cytoskeleton, as shown in C. cinereus, 5) was confirmed by adding the microtubule destabilizing agent methyl 2-benzimidazolecarbamate (data not shown). In the majority of S. pombe dikaryons, the SPBs of the paired nuclei were also paired (Supplemental movie 1, see Biosci. Biotechnol. Biochem. Web site). In such cells, the cytoplasmic microtubules appeared to bridge the paired nuclei on the SPBs (Fig. 2E ; Supplemental movie 2, left cell, see Biosci. Biotechnol. Biochem. Web site). The distance between the paired SPBs changed dynamically, but attraction between them appeared to exist throughout the interphase (Supplemental movie 1, movie 2, left cell, see Biosci. Biotechnol. Biochem. Web site). In S. pombe, the cytoplasmic microtubules extending towards the two cell tips overlap their minus ends to form a linear bundle.
21) The minus ends anchor at the SPB. Therefore, the cytoplasmic microtubule bundles bridging the two SPBs must be arranged in an antiparallel manner. We hypothesized that a motor anchoring near the SPB and sliding toward the minus ends on the antiparallel microtubule bundle is involved in the attraction of the nuclei to each other. The non-essential minus-end-directed kinesin Klp2p was examined for a role in nuclear pairing, because it localizes as dots along cytoplasmic microtubules 22) and functions in sliding microtubules toward the cell center. 23) In klp2Á cdc7-24 binucleated cells, the two nuclei no longer associated with each other (Fig. 3A) . Introduction of the klp2 þ gene on a multicopy-plasmid complemented the defect and restored the pairing (Fig. 3B) . The klp2Á binucleated cell divided at separated positions, producing one central binucleated cell and two mononucleated cells at both ends. The central binucleated cell was incapable of pairing the nuclei and repeated the same pattern of cell divisions ( Fig. 3C ; Supplemental movie 3, see Biosci. Biotechnol. Biochem. Web site). Therefore Klp2p is essential not for viability but for the propagation of S. pombe dikaryons. Though the nuclei were paired, the SPBs were not paired in some of the dikaryons (Fig. 1A, arrows;  Fig. 2F , Supplemental movie 1, upper left cell in latter half of the movie for example, movie 2, right cell, see Biosci. Biotechnol. Biochem. Web site). In such dikaryons, the SPBs were presumably bridged by the interphase microtubule organization centers (iMTOCs) on the nuclear partners, although the iMTOCs were not visible in our experiments. The iMTOCs are the second type of microtubule organization centers on the S. pombe nuclear membrane. 24) Unpaired SPBs turn to pair just before mitosis in many cases (Supplemental movie 1, upper right cell in the latter half of the movie for example; see Biosci. Biotechnol. Biochem. Web site), but some cells indeed entered mitosis with the unpaired SPBs, and they divided as dikaryons successfully (Supplemental movie 1, upper left cell in the latter half of the movie for example, and Fig. 4B, described  below) . Therefore, not only the pairing between the two SPBs but also the pairing between the SPB and iMTOC appeared to be sufficient for pairing of the nuclei and subsequent conjugate division.
Mode of daughter nuclei exchange
Daughter nuclei exchange is the most important event in maintaining virtual heterokaryosis in the S. pombe dikaryon. As a first step to understanding the mechanism underlying this event, the timing of inner daughter nuclei exchange was statistically analyzed in cells with paired SPBs (Fig. 4A ) and in cells that entered mitosis with unpaired SPBs (Fig. 4B) . For each spindle length, overall spindle extension, and spindle overlap, we plotted the distance between the sister SPBs, the distance between the outer SPBs, and the distance between the inner SPBs, respectively (Fig. 4A, B) . The onset of inner nuclei exchange was assigned as the initiation point of the rapid increase in inner SPB distance (Fig. 4A, B, blue lines) . After this point, the increase in the outer SPB distance was concomitantly reduced (Fig. 4A, B, green lines) . The average spindle length at the onset was 7:8 AE 1:4 mm (n ¼ 27), approximately the midpoint of anaphase spindle extension, from 2:9 AE 0:2 mm to 11:9 AE 1:0 mm (n ¼ 27).
The switching of the apparent directional spindle extension can be attributed either to an asymmetric microtubule extension of the spindles or to a change in the positions of the two spindles. A GFP-tagged aurora kinase homolog (Ark1p) 25) that marked the central zone of the anaphase spindle was introduced into the dikaryon to distinguish between these two possibilities. The position of Ark1-GFP remained in the centers of the spindles throughout the anaphase irrespective of the cell center (Fig. 4C) . Consistently, the elongation rate of the anaphase spindle of the dikaryon was exactly the same as that of the monokaryon on average (Fig. 4A , compare red and yellow lines). These results suggest that the transition of the two spindle configuration in the midanaphase contributes to the exchange of daughter nuclei.
Co-symmetric configuration of the spindles The fission yeast spindle has an intrinsic asymmetry. The two sister SPBs are distinguished as the old and the new SPBs due to the conservative SPB duplication mechanism. SIN protein Cdc7p appears at both of the sister SPBs at the metaphase, but localizes only at the new SPB during the anaphase. 26) To determine the spindle polarity in conjugate division, Cdc7p was marked with GFP, and dikaryons were produced by a transient temperature shift using another SIN mutation, cdc14-C8. Of the 48 divisions observed in the time-lapse recordings of cdc14-C8 dikaryons, 39 (81%) showed that the GFP signal persisted on both of the outer SPBs but disappeared from both of the inner SPBs ( Fig. 5A ; Table 1 ; Supplemental movie 4, see Biosci. Biotechnol. Biochem. Web site). The SPBs that retained Cdc7p after the anaphase were confirmed as new SPBs using the old SPB marker, Pcp1-RFP 26) (Fig. 5B, C) . Of the 12 anaphase B dikaryons in which the old and new SPBs of both spindles were clearly distinguishable from the fluorescence of the Pcp1-RFP, all showed that Cdc7-GFP associated with the new SPBs (Fig. 5D) . A-F, Immunostaining of SPBs and spindles in S. pombe dikaryons. Dikaryons prepared using strain S86-42 were stained with anti-Sad1 antibody (red), anti--tubulin antibody TAT1 (green), and DAPI (blue). Cells were in metaphase (A), early anaphase (B), midanaphase (C), late anaphase (D), and interphase (E, F). Scale bars, 2 mm. G-H, Clampless mushroom O. populinus stained with DAPI (magenta) and TAT1 (green). Metaphase (G) and mid-anaphase (H) are shown. Scale bars, 5 mm.
The co-symmetric spindle configuration was assumed to be already established at the beginning of mitosis because the orientations of the two spindles relative to the cell axis seldom inverted from the start of SPB separation to the end of mitosis in the cdc7-24 dikaryons (Supplemental movie 1, see Biosci. Biotechnol. Biochem. Web site; data not shown). Since the SPB is duplicated in the G1/S phase and the old and new parts are tightly connected during the G2 phase in S. pombe, 27) the old-new SPB polarity might be maintained by the cytoplasmic microtubules. Consistently with this idea, the cytoplasmic microtubules were transiently depolymerized by chilling the dikaryons. The cold treatment significantly but not entirely compromised the cosymmetric configuration of Cdc7-GFP localization at the SPBs in the subsequent conjugate division (Table 1) . In contrast, the configuration was not compromised in the presence of the actin depolymerizing agent latrunculin B (Table 1) . These results suggest that cytoplasmic microtubules are involved in maintaining the old-new SPB polarity established in the interphase.
Single cytokinetic actomyosin ring formation following the twin mitoses
The dikaryon cytokinesis process was observed using GFP-tagged essential myosin light chain Cdc4. 28) The myosin fibers were assembled into a single cytokinetic actomyosin ring (CAR) in the dikaryon (Supplemental movie 5, see Biosci. Biotechnol. Biochem. Web site), as well as in the monokaryon control (data not shown). The single, not double, septation after the twin mitoses in the S. pombe dikaryon can perhaps be explained as follows: S. pombe cells divide by constriction of the CAR at the site determined by the position of the nucleus at the onset of mitosis. Myosin appears as a broad band near the nucleus depending on Mid1 release from the nucleus at the G2/M transition. [29] [30] [31] [32] [33] [34] Independently, the actin cable network is simultaneously organized from the vicinity of the SPBs. 35) Then myosin and actin fibers are bundled into CAR. 36) Accordingly, close SPB positioning in the dikaryon allows bundling of the actomyosin fibers into a single CAR.
Conclusion
This report identifies minus-end-directed kinesin as an essential molecule in both nuclear pairing and conjugate division. The quality of the data detailing the cosymmetric configuration of the two spindles and the anaphase spindle behavior during daughter nuclei Fission Yeast Dikaryonexchange cannot be ignored as artifacts. O. populinus, a clampless mushroom, also showed a similar configuration of spindles. S. pombe belongs to the subphylum Taphrinomycotina, which includes the dikaryotic ascomycete Taphrina. We propose that the latent ability of S. pombe to undergo conjugate division is an evolutionary remnant. Nine dikaryons prepared using S86-34 in which the SPBs were paired (A), and seven in which the paired nuclei had unpaired SPBs (B), were combined. The distance between the outer SPBs (green lines) and the inner SPBs (blue lines) was plotted. The distance between the sister SPBs is shown as the average AE standard error (red line and error bars). The distance between the sister SPBs of the S86-34 monokaryon is shown as the average of six cells AE standard error (yellow line and error bars). C, The centers of dikaryon (S86-47) anaphase spindles were observed by time-lapse recording. The fluorescent images of Ark1-GFP (green) and rrf1-CFP (magenta) were pseudo-colored. Time points shown are after the onset of mitosis. Scale bar, 5 mm. A, Time-lapse images of Cdc7-GFP in conjugate mitosis were collected at 2-min intervals. The dikaryon was prepared using S80-D5. Four fluorescent spots appeared, and behaved in a manner resembling that of the mitotic spindle poles. The inner two spots could not be seen after 10 min. The two outer spots also showed reduced fluorescence at one point, but then reappeared with more intensity. B, C, Anaphase images of Cdc7-GFP, Pcp1-RFP, and Rrf1-GFP in dikaryons prepared using S86-48. Scale bars, 2 mm. D, Numbers for the distribution patterns of Cdc7-GFP and Pcp1-RFP. Note that Cdc7-GFP followed the old-new SPB rule, not the innerouter rule. Ã Dikaryons were prepared using S80-5D. Cdc7-GFP signals during the anaphase are shown with a star on the nucleus (circle). ÃÃ Dikaryons were kept on ice for 30 min before time-lapse observation. ÃÃÃ Dikaryons were treated with 10 mM latrunculin B.
